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Abstract 
 This paper develops a new Luenberger productivity which is applied to a technology 
where the desirable and undesirable outputs are jointly produced and are possibly negative.  
The components of this Luenberger productivity index - the efficiency change and the 
components of the technological shift - are then decomposed into factors determined by the 
technology, adjusted for ‘risk and environment’, ‘risk management’ and ‘environmental 
effects’.  The method is applied to Central and Eastern European banks operating during 
1998–2003 utilising three alternative input/output methodologies (intermediation, production 
and profit/revenue).  Additionally, the comparative analysis of the sensitivity of the 
productivity indices in the choice of the methodologies is undertaken using statistical and 
kernel density tests.  It is found that the main driver of productivity change in Central and 
Eastern European banks is technological improvement, which, in the beginning of the 
analysed period, hinged on the banks’ ability to capitalise on advanced technology and 
successfully take into account risk and environmental factors.  Whereas, in the later sampled 
periods, we show that one of the most important factors of technological improvement/decline 
is risk management.  Finally, the tests employed confirm previous findings, such as Pasiouras 
(2008) in this journal, that different input/output methodologies produce statistically different 
productivity results.  Indeed, we also find that external factors, such as a risk in the economy 
and banking production, and a ‘corruption perception’ affect the productivity of banks.  
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1  Introduction 
 Over the last decade or so, numerous academic studies of banking 
efficiency/performance have sought to provide insights, for both practitioners and regulators, 
in the face of a changing environment in banking markets.  In many countries around the 
world, financial liberalisation, financial market deregulation and episodes of bank failures 
(often attributable to managerial inefficiencies) have all contributed to increased academic 
interest in this area.  The analysis of productivity change and technical change is well 
established in the non-parametric literature, via the use of Malmquist indices of Total Factor 
Productivity change and their associated decompositions2.  However, like in this paper, there 
may be situations where the practitioner/researcher finds that that the banking technology 
under examination has as a feature, the joint production of desirable and undesirable outputs.  
If and when this case evolves, the Malmquist index may not be computable (see, Chung et al. 
1997).  Therefore, to overcome these limitations the Luenberger productivity index, as 
defined Chambers et al. (1996), was adapted to enable measurement of productivity changes 
when banks operating technologies have both undesirable desirable outputs.  This situation in 
banking can and does arise in two situations.  The first is when a bank has made losses on 
certain assets.  For example, in recent times, banks have expanded their asset side of the 
business, ‘off-balance sheet’ items (derivative, fee and stock trading activities), and many 
have made losses, see also Pasiouras (2008).  Secondly, this situation arises in the manner in 
which banks cyclically increase and decrease their loan loss provisions balances to take 
account of risk in their output portfolio.  Indeed, Laevan and Majnoni (2003) and Drake et al., 
(2006) argue that risk should be incorporated into efficiency studies via the inclusion of loan 
loss provisions, a proposition that has been adhered to in this study. 
 Furthermore, in the primal Luenberger productivity index defined by Chambers et al., 
(1996), the shortage function (directional distance function), which accounts for both input 
contractions and output improvements, can create unnecessary restrictions on the technology 
(see Luenberger, 1992a, b).  That is, where the banking production model can include 
undesirable desirable outputs, as discussed above.  Hence, to overcome these possible 
restrictions, we utilise an output-oriented range directional technology, initially defined by 
Silva Portela (2004), which is modified to allow for weak-disposable undesirable outputs (see, 
also Färe et al., 1989 and Färe and Grosskopf, 2004).  Moreover, our study in addition, also 
measures for a non-radial Luenberger productivity index since non-radial measures have been 
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found to have a higher discriminating power and hence do not allow for non-zero slacks 
(input and/or output slacks, depending on the way of defining the technology)3.  The modified 
Luenberger productivity index which we propose, is therefore, ideal in analysing bank 
productivity where banks have increased ‘off balance sheet’ assets and the problems of 
negative returns in their portfolios.  In addition, our specification would also be suitable in 
cases where practitioners are interested in modelling non-desirable outputs to take account of 
risk. 
 Hence, one of the few aims proposed within this paper is to focus not only on 
measuring productivity change but to obtain a greater insight into the determinants of better 
performance and to obtain valuable information about the bank’s management.  In respect of 
the later, we further extend Luenberger productivity decompositions, suggested by 
Boussemart et al. (2003), to decompose the efficiency change and the components of the 
technological shift into the factors determined by the technology adjusted for: the ‘risk and 
environment’, and ‘environmental and risk management’ effects.  This enhanced approach to 
productivity estimation is applied to Central and Eastern European banks operating during 
1998 – 2003.  In addition, we follow the arguments set out in Drake et al., (2006) and 
Pasiouras (2008) by defining three alternative methodologies for the banking production 
process (namely Intermediation, Production and Profit/Revenue approaches).  We note that, 
although there are several studies on investigating the sensitivity of efficiency results in the 
choice of input/output modelling (see, for example, Tortosa-Ausina, 2002a, 2002b, 2003 and 
Pasiouras, 2008), this paper does further add to this literature in using statistical techniques to 
analyse how productivity changes can be affected by the different specifications of the 
banking production process.  To aid robustness, we also apply non-parametric tests of the 
productivity indices distributions, and the kernel density estimator techniques (both univariate 
and bivariate) suggested by Tortosa-Ausina in the aforementioned papers. 
The paper proceeds as follows.  In Section 2, we briefly discusses the literature on 
banking productivity measurement.  Section 3 defines the non-radial banking technology 
which incorporates undesirable outputs and allows for the negative data in outputs where the 
models estimated are adjusted for ‘risk’, and ‘risk and environment’ - defined analogously as 
suggested by Pastor (1999).  Section 4 presents Luenberger productivity index measurement 
and its decomposition.  Section 5 discusses the data.  The productivity results and the 
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comparative analysis of the productivity indexes reported by the alternative approach are 
presented in Section 6.  Finally, Section 7 provides conclusions. 
 
 
2.  Overview of literature on banking productivity analysis 
 Within the banking literature, there has grown a sub-set research paradigm (within the 
broad ‘church of efficiency measurement’, both non-parametric and parametric) that 
addresses the theoretical and methodological issues on the measurement of productivity and 
its decomposition4.  Within the literature investigating productivity changes in banking, we 
find a predominate focus on the analysis in developed economies (see, the ‘classic’ survey by 
Berger and Humphrey, 1997).  Indeed, this genre within the efficiency measurement literature 
has also been extended to analyse the impact of different regulatory and environmental factors 
upon the development of banking markets.  For example, post-deregulation banking 
productivity performance in developed countries was assessed by: Sturm and Williams (2004) 
in the case of Australian banking industry; Tsionas et al (2003) and Rezitis (2006) 
investigated the post-deregulation productivity of Greek banking; and the impact of 
deregulation in Spanish banking was analysed by and Grifell-Tatje and Lovell (1996, 1997), 
and Lozano-Vivas and Humphrey (2002).  Indeed, with respect to the last aforementioned 
paper, using parametric (stochastic cost frontier) and nonparametric (Malmquist index) 
techniques, the authors found evidence of a downward change in banking productivity during 
1986 – 1991.  However, the main objective of the paper was an assessment of the ‘bias’ 
problem in banking productivity studies due the choice of inputs/outputs.  That is, when 
considering the banking production process, which examined five coverage levels of balance 
sheet assets and liabilities, they found that the higher the coverage level of inputs and outputs 
within the modelling process, the more of any possible ‘bias’ in productivity scores were 
eliminated.   
Furthermore, support of the importance of a possible definitive input/output 
methodology in production analysis can also be found in Leightner and Lovell (1998).  The 
authors consider two different specifications of the banking production derived from the 
objectives of the banks themselves (profit maximizing) and that of the central bank - Bank of 
Thailand (fostering economic growth along with preserving safety and soundness of banking 
system).  In two separate analyses, one which investigates the ability of the banks to pursue 
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their own objectives, and another which examines the ability of banks to satisfy the objectives 
of the Bank of Thailand, they show that the majority of the banks adapted well to financial 
liberalisation and improved their performance in meeting their own objectives.  Overall, 
financial liberalisation had a positive impact on the Thai banking system, and in particular, it 
led to growth in the banks’ ability to increase their profits and in their ability to finance 
economic growth.  Hence, the factors concerned with the optimal design of the banking 
production process is deemed important and discussed constitutes an advancement in the 
literature associated with our analysis. 
Indeed, in relation to the second strand of our analysis, deregulation and 
environmental factors, this can also have an impact on productivity changes, especially when 
considering the fast moving deregulation of markets, as in Eastern Europe.  For example, Isik 
and Hassan (2003a, 2003b) examine in the former paper, the productivity of post-deregulation 
performance of Turkish banks, and in the latter paper, the impact of the financial crisis on 
banking industry productivity in Turkey.  The authors find that Turkish banks improved their 
efficiency, and that the inclusion of ‘off-balance sheet’ items produced some evidence of 
technical progress of Turkish banks.  Indeed, the importance in productivity analysis of banks 
and the inclusion of ‘off-balance sheet’ items could be further strengthened by the fact that the 
exclusion of these variables significantly deteriorated bank average ‘technical efficiency’ and 
the productivity of the entire industry (see Table 2, Panel A: All banks).  Hence, giving 
further support of the importance of an appropriate definition of inputs and outputs in banking 
efficiency and productivity analysis, as discussed in Section 1 above..  Finally, as expected in 
Isik and Hassan (2003a, 2003b), financial distress led to productivity decline, and that foreign 
banks suffered the most from the crisis (from a TE score low in 1981 = 0.537 to a high at the 
end of the sample 1990 = 0.888) followed by domestic private banks (from a TE score low in 
1987 = 0.431 to a high at the end of the sample 1990 = 0.754); and finally small sized banks 
had a large negative impact on productivity due to the financial crisis shock (due to possible 
lack of product diversification).  
Although several studies have undertaken a cross-country analysis of banking 
productivity performance, the majority have still concentrated on the banking industry of 
developed countries (see for example, Lozano–Vivas and Pastor (2006), Casu et al. (2004), 
Pastor et al. (1997)).  In particular, Pastor et al. (1997) compared the efficiency and 
productivity of different European and US banking systems, whereas, a comparative cross-
country productivity assessment - both parametric and nonparametric - of European banking 
was presented in Casu et al. (2004).  According to the former study, the most productive 
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banking systems were in Austria, Italy Germany and Belgium, and the least productive could 
be found in the USA, the UK, France and Spain.  Similar results are also shown in the latter 
study, for example, it was found that there were productivity improvements in Italian and 
Spanish banking industries, while German and French banks exhibited mixed results.  
However, the combination of the technological and efficiency changes in different banking 
markets and regulated systems, such as in Austria and Germany, constituted a change in 
technological productivity, whereas in Spain and France it was efficiency catching-up.  
Indeed, it is interesting to note that the Lozano–Vivas and Pastor (2006) study differs 
from the other investigations as it links the synergy between banking efficiencies and 
economic productivity.  That is, the analysis was based on the construction of an overall 
worldwide banking and economic frontier, and hence an estimation of a global Malmquist 
productivity index.  Furthermore, the authors examined the relationship between economic 
and banking performance, and also determined the components of banking productivity which 
played a fundamental role in explaining economic growth.  The analysis of the 
aforementioned paper suggested that banking performance - technical change in particular - 
had an impact (positive) on economic productivity and its convergence, a link that is further 
examined in our study.5 
On the whole, according to the aforementioned surveys, the liberalisation and de-
regulation of the banking industry can enhance the efficiency and productivity in both 
developed and emerging economies.  Moreover, some studies have shown that the 
performance of banks can mainly be attributed to technological change, and factors such as 
size, ownership and objectives of the banks can also affect productivity measures.  
Furthermore, most cross-country and single country analysis studies suggest that the 
improvement of banking productivity is mainly due to the technological change.  Although 
several non-parametric and parametric methods are employed in these productivity studies, 
the most popular method of banking productivity measurement is non-parametric Malmquist 
index. 
This brief survey on banking productivity studies shows that the main contributions of 
our paper to the existing literature are as follows.  First, we perform cross-country analysis of 
banking productivity in transition economies.  Second, we assume undesirable output 
production incorporating negative data using the range direction methodology, especially 
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(Grifell-Tatjé and Lovell, 1996).  
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suited to cases when banks exhibited negative outputs (primarily in the case of off-balance 
items).  Moreover, we estimate the Luenberger productivity measure and decompose it into 
several risk management and environmental factors.  And finally, we perform a comparative 
analysis of productivity measurement estimated using three alternative input/output 
methodologies, which as Isik and Hassan (2003a) argued should include off-balance sheet 
items and as Drake et al., (2006) and Pasiouras (2008) should also include loan loss 
provisions. 
 
 
3.  Methodology of estimation 
Modeling the bank  technology 
 Let us assume that the technology for banks j = 1,…, n is represented in terms of the 
output range directional distance function ),,( jjjj byxD , which accounts for undesirable 
outputs in the production process, that is: 
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where }{min00 jjLLP LLPLLPR −=  and 
g
r
g
rjj
g
r yyR 00 }{max −=  , r = 1, …, R, are range directional 
vectors of the, for example, undesirable output loan loss provisions (LLP), and the desirable 
outputs y respectively.  Since risk can be either endogenous (controllable by the bank) or 
exogenous (beyond the bank’s control, see for example, Pastor, 2002), we can assume that the 
risk management banking technology, which can be represented by the output range 
directional distance function ),,( jjjj byxDRM , where the undesirable output is endogenous 
risk of the bank (γLLP) can be shown as equation (2):  
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where }{min000 jJjLLP LLPLLPR J γγγ −= , and the parameter γ is found from the following liner 
program, equation (3): 
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where ),...,,( 21 ++++ = Pjjjj ZZZZ  and ),...,,( 21 −−−− = Qjjjj ZZZZ  are respectively the vectors of 
positive and negative external cyclical conditions of the economy which affect banking risk.   
The environment and risk adjusted technology output directional 
technology ),,( jjjj byxDER  can therefore be expressed as in equation (4): 
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where ),...,,( 21 ++++ = Pjjjj QQQQ  and ),...,,( 21 −−−− = Qjjjj QQQQ  are the vectors of banking system 
specific variables with positive or negative influence.  Indeed, it is interesting to note that the 
output range directional distance function ),,( jjjj byxD  can be additively decomposed as into  
),,( jjjj byxD , ),,( jjjj byxDRM  and ),,( jjjj byxDER  (the measures of technical 
inefficiency of bank j as suggested by Pastor (1999 and 2002)), that is, 
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where, the differences in the brackets in equation (5) can be interpreted as an Environmental 
Effect (EE) and Risk Management Effect (RME), on the  bank technology ),,( jjjj byxD . 
 
 
Luenberger productivity measurement 
 Given the directional distance function ),,( jjjj byxD , the technology t Luenberger 
productivity indicator can be defined by equation (7), see for example Chambers (2002). 
 
),,(),,(),,,,,( 111111 ++++++ −= tjtjtjtjtjtjtjtjtjtjtjtjtjtjt byxDbyxDbyxbyxL      (7) 
 
While the technology t+1 Luenberger productivity indicator is given by equation (8): 
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Furthermore, it should be noted that these two indexes yield the same values if, and only if, 
the output distance function is of the form: 
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Although this statement is analogous to the statement given in Fare et al. (1997) for 
Malmquist indices, it is also true for Luenberger productivity indices (the proof is available 
from the authors).  
Therefore, the output Luenberger productivity index in the case of an output range 
directional distance function is defined as the arithmetic mean of (7) and (8), that is: 
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Where in equation (10), productivity growth is indicated by the positive value of Luenberger 
productivity index, whereas the negative Luenberger productivity index is an evidence of 
productivity decline of the bank between the considered time periods. 
In addition, the output Luenberger productivity index (10) can further be additively 
decomposed into two components  to aid analysis, see for example, Boussemart et al, 2003. 
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In equation (11), the first difference captures the technical efficiency change of the output 
range directional which functions between periods t and t+1, which can be written as: 
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where the first difference (inside the first square brackets) measures the change of efficiency 
adjusted for risk and environment; and the second difference captures the change in the 
environmental effect; whereas the third analyses the risk management effect. 
 The arithmetic mean of the last two differences in equation (11) is denoted as the shift 
in the technology between two periods, that is,6 
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where the difference in the first square brackets measures magnitude of technological change 
and the arithmetic mean of the last two differences measures the bias of technical change 
between period t and t+1.  Finally, we can further decompose the shift in the technology 
between two periods, TECH, into the nature of the ‘magnitude of the technological change’ 
(MTECH) and the ‘bias index of technological change’ (BTECH), with respect to the 
environment, given in equations (14) and (15).. 
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4.  Discussion of data and variables 
The countries analysed and sample sizes 
 Data for each bank was examined to insure for the availability of relevant information 
and to avoid duplicating data for the same bank but with alternative accounting standards and 
different level of consolidation.  In such case, priority was given to the unconsolidated reports 
of banks that reported earnings in all years, given from the Bankscope database.  The different 
regulatory environments and progressions of countries to join the European Union (EU) also 
                                                                                                                                                   
deal with negative data (see, for example, Silva Portela., et al, 2004).  Therefore, the productivity indexes 
estimated in this study are not total factor productivity indexes, since for them to be a true total factor 
productivity indexes the constant return to scale technology has to be assumed (Färe and Grosskopf, 1996).  
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allowed the banks to be subdivided into groups.  This grouping follows RZB Research Group, 
2004 reports on banking in Eastern European and is commonly utilised in the literature.7 
 Firstly, the ‘accessed countries’, included the eight EU members that joined in May 
2004: the Czech Republic (denoted as CZ, which had in our analysis 9 banks representing 
69% of the industry’s total assets in that country), Estonia (ES with 4 banks representing 91% 
of the industry’s total assets), Hungary (HU with 6 banks representing 56% of the industry’s 
total assets), Latvia (LV with 18 banks representing 93% of the industry’s total assets), 
Lithuania (LT with 8 banks representing 91% of the industry’s total assets), Poland (PL with 
5 banks representing 61% of the industry’s total assets), Slovakia (SL with 11 banks 
representing 70% of the industry’s total assets), and Slovenia (SN with 10 banks representing 
98% of the industry’s total assets).  Secondly, the ‘negotiating countries’, that were expected 
to join the EU after our sample period ended: Croatia (CT with 18 banks representing 90% of 
the industry’s total assets), and Romania (RM with 8 banks representing 45% of the 
industry’s total assets).  Finally, we also include banks from the Commonwealth of 
Independent States, these are former Soviet republics which are neighbouring countries of an 
enlarged EU and whom have suffered through severe recessions caused by the transition from 
planned economies: Russia (RF with 33 banks representing 21% of the industry’s total 
assets), Moldova (ML with 5 banks representing 61% of the industry’s total assets), and 
Ukraine (UN with 9 banks representing 30% of the industry’s total assets).  We start our 
sample period from 1998 in order to consider the post-banking crises effect on the efficiency 
of commercial banks of the region.  In addition it is noteworthy, that our sample does not 
represent the entire population of banks of some countries, but the it does represent the 
relatively successful top tier of banks of the country’s banking system (e.g. in the sample 
from Romania, Russia, and the Ukraine).  
 
The input/output modelling variables 
Despite substantial research efforts, it is generally recognised that one of the main 
difficulties in the analysis of economic performance and production structure in the banking 
industry is lack of agreement in the defining and measuring of banks’ inputs and outputs.  The 
current modeling literature suggests a range of different approaches, based on the 
intermediation (Sealey and Lindley, 1977), the production (Benston and Smith, 1976) and the 
                                               
7
 Due to data limitation, other acceding and negotiating countries are not considered.  However, similarity of 
these countries include problems due to high growth of consumer loans, which affected the health of external 
balance and resulted establishing of restrictive measures by central banks. 
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profit approach (Berger and Mester, 2003).  Therefore, to model the banking production 
process and to examine the stability and robustness of productivity results over time, we 
specify the intermediation, production and profit/revenue-based methodologies.  This 
approach to modeling is in line with Drake et al ., (2006) and also considered in this journal 
by Pasiouras, 2008, which takes into account quality and risk of banks’ assets through 
incorporating in output side good and bad outputs. 
 In modeling intermediation approach we use ‘deposits’ (deposits and short 
term funding), ‘labour’ (personnel expenses) and ‘capital’ (total fixed assets) as inputs, and 
‘loans’ (total customer loans), ‘other earning assets’ (total other earning assets), ‘net 
commission, net fee and net trading income’ and ‘other income’ (total operating income - net 
interest revenue - net commission, net fee, net trading income) as desirable outputs.  The 
summary statistics for overall sample is provided in Table 1. 
 
INSERT TABLE 1 
 
In the case of production approach, we have five desirable outputs and two inputs.  
The desirable outputs are: ‘loans’ (total customer loans), ‘other earning assets’ (total other 
earning assets), ‘net commission, net fee and net trading income’, ‘deposits’ (deposits and 
short term funding), ‘other income’ (total operating income - net interest revenue - net 
commission, net fee, net trading income).  The two inputs are ‘labour’ (employee expenses) 
and ‘other operating expenses’ (other operating expenses + other administrative expenses).  
Three desirable outputs estimated in profit/revenue approach are ‘net interest income’, ‘other 
income’ (total operating income - net interest revenue - net commission, net fee, net trading 
income) and ‘net commission, net fee and net trading income’.  The inputs are ‘labour’ 
(employee expenses) and ‘other operating expenses’ (other operating expenses + other 
administrative expenses).  We employ ‘loan loss provisions’ as a proxy measure of bank’s 
asset quality and risk which is a ‘bad’ output in all three approaches.  The latter approach to 
include loan loss provisions is different from Pasiouras (2008) who included this variable as 
input.  However, it is interesting to note that the variable found to increase the efficiencies of 
Greek banks when included, and hence could be said to be a ‘relevant’ variable that should be 
included in the banks’ production model.   
 
INSERT TABLE 2 
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 With respect to modelling the bank technologies across transition countries, we 
assume that there are external factors which could have an effect on the efficiency scores and 
therefore on the bank productivities.  Given the sample of countries analysed in this study, 
this is not an unreasonable assumption given also our premise of differing speeds of 
adjustment to common EU financial system goals.  To eliminate these external factors, we 
began with a large common data set that covered a wide range of variables which could be 
deemed system specific and as potential non-discretionary inputs (Qj).  The main set of 
variables included: concentration, overhead costs, net interest margin of the banking system, 
deposit money bank vs. central bank assets, and average wage in the financial intermediation 
industry.  Additionally, corruption was also considered as possible factor influencing the 
efficiency across the transition financial systems – again a not very unlikely variable to have 
an effect.  Hence, the programs (3) and (4) discussed in Section 3 should give ‘purer’ 
productivity measures than if just estimating a common frontier which had taken no account 
of systematic differences in each country.  Environmental variable description and data source 
are given in Table 2. 
 
 
5.  An analysis of the results of efficiencies and productivities of Eastern European 
banks 
Environmental and risk factor tests on the productivity scores 
To test the influence of the environmental and risk variables discussed above, we 
utilise the nonparametric procedures suggested by Banker and Natarajan (2004).  Where, the 
null hypothesis is that the efficiency scores estimated by the model with and without 
particular environmental variable are from the same population, i.e., the environmental and 
risk variables are not influential.  The alternative hypothesis is that the efficiency scores 
estimated by the model with and without particular environmental and risk variables are from 
different population – implying that these variables influence the efficiency and risk of banks 
in programs (3) and (4).  Table 3 reports the D-values and probabilities of considered 
variables.  
 
INSERT TABLE 4 
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As Table 3 shows, all considered cyclical environmental and corruption/risk variables 
have a significant influence on banking efficiencies and hence by definition on their 
productivities.  We assume that GDP per capita, GDP deflator, GDP change and corruption 
negatively affect risk; and inflation, inflation change and unemployment rate have positive 
effect on risk.  Indeed the second column shows that risk is a significant factor for all three 
considered input/output methodologies, program (3) above.  In relation to environmental and 
other factors, programme (4), we see that the significance of variables changes across each 
input/output methodology.  For example, concentration and net interest margin has a positive 
effect under the intermediation approach, but only the latter under the production and 
profit/revenue approaches.  Whereas, it is interesting to note that DEPOS is only significant 
under the production methodology, which is due to deposits being an input only in this 
methodology.  Finally, efficiencies are affected by the ‘corruption perception’ index 
significantly in all models. 
 
 
The Luenberger productivity index – decomposition of results 
Table 4 reports the averages of Luenberger indexes (LI) results obtained from 
equation (10) across the analysed countries banking systems, sub-group averages and total 
sample average and their decompositions into efficiency change (EFFCH) and technological 
change (TECH) components8.  As stated previously, a positive (negative) value of the index 
indicates productivity growth (decline), while an index equal to zero indicates no change in 
productivity between period t and t+1.  Indeed, as Barros et al (2009), state in their analysis of 
Japanese credit banks, “the change in technical efficiency score is defined as the diffusion of 
best-practice in the management of the activity and is attributed to investment planning, 
technical experience, and management and organisation in banks” (page 934).  Hence, 
considering the TECH change over the sample period, it is noticeable that CZ leads the 
groups with the largest overall negative TECH across the three methodologies, -1.022, -0.763 
and -1.263, respectively.  Furthermore, it is interesting to note that common across these 
results is that TECH has affected the county’s bank productivity rather that EffCH.  Indeed, 
this constitutes a common result across all countries that had experienced a negative LI, where 
                                               
8
 Although Briec et al. (2003) and Färe and Primont (2003) defined the aggregate Luenberger productivity index, 
this aggregation is inappropriate in our modelling technology since the directional vector is not constant for all 
the DMUs and varies for each DMU according to the range of the possibilities for improvement. For that reason, 
the Table 4 and the tables reporting the decomposition of the Luenberger productivity index show the 
corresponding arithmetic averages. 
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the driving force creating a negative overall productivity index was to come from TECH.  
Furthermore, it is interesting to note that those countries which experienced a positive 
productivity change (LI), greater than the minimum 0.001, gained this advance from a 
positive EffCH.  This is the opposite of those countries, as discussed, which experienced a 
negative productivity change; imply EffCH is the negative or positive driving force during the 
sample period. 
 
INSERT TABLE 4 
INSERT FIGURE 1 
 
Considering the Luenberger index, our sample reveals that the highest average 
productivity growth rate is in the period 1998 – 99 for all three alternative approaches, see for 
ease of interpretation of results in Figure 1.  For example, the intermediation LI reports an 
average productivity growth rate of 10.1%, which is mainly explained by the efficiency 
change (the technological change had a negative impact on productivity growth of -1.2% 
level).  Over the remaining sample period the intermediation approach reports a productivity 
decline which is due mainly to a negative efficiency change.  However, the lowest level of 
productivity decline was found to be a negative technological change and occurred between 
the years 2001-02.  Indeed, according to the risk decomposition the risk management 
technology in that particular time period, virtually all banks were highly inefficient and 
primarily as a result of internal factors.  The results also suggest that productivity does not 
change over the period 2002-03 but a closer look shows that the positive efficiency change 
was counterweighed by a negative technological change at the absolute level of 0.04%.  
As mentioned before, the LI productivity results reported by the production approach 
also suggest that the highest average productivity growth occurred within the period 1998-99 
and this level of productivity growth (15.8%) is the highest across the input/output modelling 
approaches.  In contrast, the profit/revenue-based productivity index for that period is slightly 
lower – 14.5%, but still fairly high compared to the Intermediation approach.  That is the 
productivity indexes in the following two time periods 1999-00 and 2000-01 (production and 
profit/revue approaches) show that the average productivity of the sample continued to 
improve but at a slightly lower rate (6.9% - 8.9% and 1.8% respectively).  However, both 
components of average LI decomposition (EFFCH and TECH) are positive in the production 
approach, whereas the profit/revenue approach shows that, although, technical change was 
positive, the efficiency change contributed negatively to LI at those periods.    
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Decomposition of technological change results 
As noted above, the main component that has had an effect on overall productivity 
change across our sample countries was TECH.  This sub-section therefore breaks down 
TECH further into ‘magnitude of the technological change’ (MTECH) and the ‘bias index of 
technological change’ (BTECH) across the alternative methodologies, shown in the Table 5.  
As can be seen from previous tables, the efficiency change component of Luenberger 
productivity index is relatively stable across countries and counties’ sub-groups.  However, 
the technological change is rather heterogeneous and volatile across countries, which causes 
differences in the productivity changes and could reflect the divergence of technological 
change among countries.   
 
INSERT TABLE 5 
 
Brief discussion of a sample of bank country specific characteristics to explain the results 
With respect the Hungarian banking system, it was found that according to Global 
Finance (2001), in 1999 the OTP was the only bank among the large Hungarian banks to 
significantly improve its profits, while at the same time conducting its activities in a rapidly 
changing market environment.  In fact, to maintain its dominant position in retail banking, in 
the second half of the 1990 decade OTP’s strategy focused on increasing the profitability and 
productivity of its retail business by investing heavily in information technology (Bonin and 
Ábel, 2000).  And as a result, in 1999 OTP owned 43% of all the ATMs in the Hungary and 
the value of its bank card transactions was 71% of the total volume of the bank card business.  
Therefore, during this period when many banks experienced a productivity decline as a 
possible result of the financial distress caused by the 1998 Russian financial crises, the 
productivity performance of the OTP bank was outstanding comparatively to other analyzed 
banks and countries.  This reason and the subsequent introduction odf new technoilogy by its 
competitors could be the reason why Hungry experienced the largest TECH improvement of 
the sample at 0.637, constituted from the BTECH of 0.701 from shift the frontier to more 
efficient inputs and/or outputs. 
In the period 1999-2000 the banking industry of the Slovak Republic appeared to be 
remarkably productive and again productivity growth was gained as a consequence of 
technological shift (TECH equal to 0.083), which could be attributed to the increase of bias 
index (risk management efficiency bias in particular).  The main driver of the technological 
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change, and as a consequence, of the high average productivity growth in that period was due 
to the second largest bank in the Slovak Republic - Vseobecna Uverova Banka (VUB).  In 
2000 the first phase of the privatization of this bank was completed and an agreement was 
entered into with EBRD and IFC on the sale of approximately 25% of the shares in VUB in 
February 2001.  Moreover, in 2000 the bank established a new organizational structure which 
focused on strengthening its risk management system and reducing the number of 
management levels; thus resulting in a decrease of around 10% in general operating costs.  
Besides the restructuring of the bank, also VUB achieved a technological shift as a result of 
the developing electronic distribution channels which facilitated e-banking communication 
such as: home banking; wide network of ATMs; EFT POS terminals; and internet banking.  In 
addition, according to the VUB 2000 Annual report, by activating such services, VUB 
became one of the leaders in electronic banking in Slovakia.   
The Romanian banking industry, however also had a notable productivity change but 
unlike Slovakian banks, they experienced a productivity decline (TECH equal to -0.306).  
Particularly, the decomposition of productivity suggests that the reason for this productivity 
decline is a negative technological shift caused by the high negative magnitude of 
Environmental Effect change, mainly in the largest Romanian bank - Romanian Commercial 
Bank (BCR).  Indeed, in 2000 the largest Romanian investment fund Fondul Naţional de 
Investiţii (FNI) collapsed as a result of gross mismanagement, fraudulent practices and poor 
regulatory oversight.  This triggered a decline in the confidence in the Romanian financial 
sector (Remes and Ghizari, 2000) and was amplified by the panic among the customers 
wanting to withdrawal their funds from the BCR branches (BBC, 2000), leading to 
productivity declines in operations. 
 Finally, the banking system in Czech Republic had also experienced a serious 
productivity decline in the period 2001-2002 (TECH equal to -1.032).  The results suggest 
that main cause of the average productivity decline was the negative technological shift of 
Ceskoslovenska Obchodni Banka (CSOB).  Decomposition of technological change shows 
that although the bias index positively contributed the productivity growth, the substantial 
negative magnitude of the technological change had a significant influence on technological 
change and, as a result, on productivity change.  A detailed decomposition of the magnitude 
and bias index of the technological change suggests that the core elements of this change in 
technology are related to risk management effects, particularly, the magnitude of risk 
management effect had a considerable negative impact which was not sufficiently offset by 
the positive bias of risk management effect.  Indeed, a rigorous look at the Czech banking 
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industry during that period and the productivity decomposition results gives us a detailed 
picture about the country’s banking system and the CSOB in particular.  In 2000 the third 
largest bank of the Czech Republic - Investment and Postal Bank (Investiční a Poštovní banka 
or IPB), caused a major corporate governance scandal (World Bank, 2002).  In June 2001 IPB 
was sold to CSOB, which was the fourth largest bank at the time with a strong background in 
corporate banking and a sound risk management system making it the largest Czech bank.  
The reorganization of the bank’s structure following the acquisition, which Anderson (2001) 
called a ‘shotgun marriage’, was captured by the technological process.  The positive bias 
index suggests that the risk management reorganization was improved, however, as the 
negative magnitude of the risk management effect indicates at that period there still was scope 
for further improvement (comparing to the risk management technology of the CSOB before 
the acquisition).  
 
 
An analysis of the alternative input/output methodologies 
 In our statistical analysis to determine the consistency of the Luenberger productivity 
index across the alternative modelling methodologies, we use distribution analysis.  Figure 2 
shows the kernel density estimators used to approximate the distributions of the Luenberger 
productivity indexes reported by the different input/output approaches.  The estimated 
distributions of the intermediation and profit/revenue based productivity indexes seem to be 
relatively similar except the estimated probability density at the mode of the profit/revenue 
based productivity indexes in all cases is lower than the one of the intermediation approach.  
The distribution of the production approach is clearly different from the other two, and, 
interestingly, in all the cases it has the estimated mode of the distribution at the positive level 
of productivity change.  
 
INSERT FIGURE 2 
 
The results of hypothesis test for the equality of distributions of productivity indexes 
estimated by the alternative approaches are presented in the Table 6.  As the Table reports, we 
reject equalities for all the comparisons of the intermediation and profit/revenue based 
productivity indexes with the productivity indexes estimated by the production approach.  The 
results suggest that the productivity indexes estimated by the intermediation and 
profit/revenue based approaches are statistically similar.  Further more, the test for the 
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stochastic dominance presented in the Table 7 shows that the Production productivity indexes 
in most cases are superior to the intermediation and profit/revenue based productivity indexes 
at 10% level of significance.  
 
INSERT TABLES 6 AND 7 
INSERT FIGURE 3 
 
Results of stochastic kernel analysis, describing intra-distribution mobility, are 
reported in Figure 3.  Specifically, the graphs in Figure 3 represent bivariate density functions 
estimates for the productivity indexes estimated using different input/output approaches.  
Each coordinate direction represents a Luenberger index estimated by the particular modelling 
methodology and the stochastic kernels attempt to describe the transition of the productivity 
level from one modelling methodology to another.  Through the analysis of the graphs and 
their contour plots, it may be inferred that moderate mobility takes place across the 
approaches since the probability mass is not concentrated along the positive sloped diagonal 
in the contour plots.  Although the stochastic kernel of the intermediation and profit/revenue 
based productivity indexes ignores the positive sloped diagonal, its mode is located on it.  
Intuitively, this means that, if a bank reported for the level of the intermediation productivity 
index which had the highest frequency (roughly in the range -0.05 and 0.05), the 
profit/revenue based productivity index would have a very high probability to be in the same 
range.   
 
 
Conclusion 
This study presents a non-radial DEA approach to measuring the productivity 
performance using Luenberger productivity index based on a technology which incorporates 
production of undesirable outputs and allowing for negative data.  In addition, the efficiency 
change and technological shift components of the productivity growth decomposed into the 
factors determined by the environmental and risk management effects along with the variation 
of the technology adjusted for the risk and environment.  These decompositions provide 
complementary information about the risk management and environmental sources of 
productivity changes and derive valuable information for managerial decisions.  The proposed 
technique has been applied to 13 Central and Eastern European banking industries for 
modelling their performance from 1998 to 2003 utilising three alternative input/output 
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methodologies.  In addition, we also conducted a sensitivity analysis of non-radial 
productivity indexes to the choice of modelling approaches of the banking production process. 
It is found that the main driver of productivity change in the Central and Eastern 
European banks is technological improvement.  The decomposition of the technological 
change suggests that in the beginning of the analysed period, when the region experienced 
financial crises, the productivity growth of a bank hinged on its ability to capitalise on 
advanced technology and successfully take into account the risk and environment, for 
instance, the case of OTP bank in Hungary.  Although, the later periods show evidence that 
the technology can be affected by the environmental effect (BCR bank in Romania), one of 
the most important factors of technological improvement/ decline is risk management (for 
example VUB bank in Slovakia and CSOB bank in Czech Republic).  
Although the visualisation of the productivity growth dynamics suggests that the 
trends reported by different input/output methodologies seem to be similar, the statistical tests 
imply that the intermediation and profit/revenue based approaches produce statistically 
different productivity results from production approach.  Moreover, the tests for the stochastic 
dominance shows that the productivity indexes reported by the production approach in most 
cases are stochastically dominate the intermediation and profit/revenue based results with 
90% of confidence.  In addition, the stochastic kernel density estimates of the productivity 
results which attempt to identify the changes in the levels of the productivity growth/decline 
when different approaches are used, show that the moderate transition of the productivity 
levels takes place when the alternative input/output methodology are utilised.  
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Table 1. Summary statistics for Eastern European banks’ Inputs and Outputs 
Variable Mean Std.Dev. Minimum Maximum 
Inputs     
Deposits and short term funding (I) 2842609 5214396 2634 34400000 
Personnel expenses (I), (PR), (P) 61852 111297. 439 963459 
Total Fixed assets (I) 132069 276848 341 3792885 
Other operating expenses (PR), (P) 72325 129308 0 1443558 
     
Outputs     
Desirable outputs     
Total customer loans (I), (P) 1667050 2775524 412 18800000 
Total other earning assets (I), (P) 1470471 3168465 1030 25400000 
Net Interest Revenue (PR) 127984 268104.4 -141163 4015469 
Other Income (I), (P), (PR) 16576 67628 -280331 980210 
Net commission, net fee and net 
trading income (I), (PR), (P) 
76784 162079 -1419131 1183182 
Deposits and short term funding  (P) 2842609 5214396 2634 34400000 
     
Undesirable outputs     
Loan Loss Provisions (I), (PR), (P) 37612 162977 -1033022 2707264 
Note. Figures are presented in PPP USD 000s for CEE countries over the sample period 1998-2003.  
Where we denote the different methodological specification as follows: (I) the Intermediation Approach, 
(PR) Profit/Revenue Approach, and  (P) Production Approach. 
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Table 2. Selected variables and description 
Name Description Source 
Variables characterising cyclical dynamics of the economy 
GDPCAP - GDP (based 
on PPP) per capita 
GDP Based on Purchasing Power Parity (PPP) Valuation of Country GDP is expressed in constant 
national currency per person.  
IMF, WORLD ECONOMIC OUTLOOK 
Database, September 2004 
GDPDEF - GDP 
deflator (2004 base) 
The GDP deflator is derived by dividing current price GDP by constant price GDP (Base 2004)* IMF, WORLD ECONOMIC OUTLOOK 
Database, September 2004 
GDPCH - GDP change 
(in percent) 
Annual percent change of GDP (in percent) IMF, WORLD ECONOMIC OUTLOOK 
Database, September 2004 
INFL - Inflation Consumer prices index. Data for inflation are averages for the year, not end-of-period data. The index 
is based on 1995=100. ** 
IMF, WORLD ECONOMIC OUTLOOK 
Database, September 2004 
INFLCH - Inflation 
change (in percent) 
Annual percent change of inflation (as described earlier) (in percent) IMF, WORLD ECONOMIC OUTLOOK 
Database, September 2004 
UNEMPL - 
Unemployment rate 
 
Rate of unemployment*** International Labour Organisation ((BA) 
Labour force survey),  United Nations 
Economic Commission for Europe 
Corruption index 
CORR - Corruption 
Perception Index 
The TI Corruption Perceptions Index (CPI) ranks countries in terms of the degree to which corruption 
is perceived to exist among public officials and politicians.  
 
Environmental variables characterising banking system  
CONCENT - 
Concentration 
Assets of three largest banks as a share of assets of all commercial banks in the system Financial Structure and Economic 
Development Database, World bank 
OVCOST - Overhead 
costs 
Accounting value of a bank's overhead costs as a share of its total assets Financial Structure and Economic 
Development Database, World bank 
MARGIN - Net interest 
margin 
Accounting value of bank's net interest revenue as a share of its interest- bearing (total earning) assets Financial Structure and Economic 
Development Database, World bank 
DEPOS - Deposit 
money bank vs. central 
bank assets 
Ratio of deposit money bank claims on domestic nonfinancial real sector to the sum of deposit money 
bank and Central Bank claims on domestic nonfinancial real sector 
Financial Structure and Economic 
Development Database, World bank 
AVWAGE - Average 
wage in the industry 
Average wage in the financial intermediaries institutions **** International Labour Organization, 
OANDA Corporation, HM Revenue and 
Customs (HMRC), Statistics and Analysis 
of Trade Unit (SATU) 
Note:  * Data in the source database are expressed in the base year of each country's national accounts. The base year was changed and calculated by authors. 
 ** For many central and eastern European and CIS countries, inflation for the earlier years is measured on the basis of a retail price index. Consumer price indices 
with a broader and more up-to-date coverage are typically used for more recent years. 
 *** Unemployment rate for Moldova 1998 approximate and calculated by authors using rate of registered unemployment and difference between registered and total 
unemployment in 1999 
 **** All categories are reflect wages for International Labour Organization’s tabulation category J ‘Financial Intermediation’ which includes codes 65 for ‘Financial 
Intermediation, except Insurance and Pension Funding’, 66 for ‘Insurance and Pension Funding, except Compulsory Social Security’, 67 for ‘Activities auxiliary to Financial 
Intermediation’. Data for Russia (1999-2001) is proxy and calculated by author (reflects the growth of wage in Belarus). 
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Table 3.  Kolmogorov-Smirnov test of influence of the environmental variables on 
the efficiency 
Intermediation approach  
Variables characterising cyclical dynamics of 
the economy and Corruption - Programme  (4) 
Environmental variables characterising banking 
system - Programme  (8) 
Variable KS D-Statistics 
(P-value) 
Variable KS D-Statistics 
(P-value) 
GDPCAP 0.1981 (0.000) CONCENT 0.0660 (0.031) 
GDPDEF 0.3333 (0.000) AVWAGE 0.0482 (0.217) 
GDPCH 0.4769 (0.000) MARGIN 0.0734 (0.012) 
INFL 0.2725 (0.000) DEPOS 0.0419 (0.371) 
INFLCH 0.2914 (0.000) OVCOST 0.0535 (0.131) 
UNEMPL 0.3176 (0.000) CORR 0.0545 (0.117) 
CORR 0.3512 (0.000)   
Production approach  
Variables characterising cyclical dynamics of 
the economy and Corruption - Programme  (4) 
Environmental variables characterising banking 
system - Programme  (8) 
Variable KS D-Statistics 
(P-value) 
Variable KS D-Statistics 
(P-value) 
GDPCAP 0.1981 (0.000) CONCENT 0.0440 (0.314) 
GDPDEF 0.3333 (0.000) AVWAGE 0.0566 (0.094) 
GDPCH 0.4769 (0.000) MARGIN 0.0681 (0.024) 
INFL 0.2725 (0.000) DEPOS 0.0566 (0.094) 
INFLCH 0.2914 (0.000) OVCOST 0.0818 (0.003) 
UNEMPL 0.3176 (0.000) CORR 0.0734 (0.012) 
CORR 0.3512 (0.000) 
 
 
Profit/Revenue-based approach  
Variables characterising cyclical dynamics of 
the economy and Corruption - Programme  (4) 
Environmental variables characterising banking 
system - Programme  (8) 
Variable KS D-Statistics 
(P-value) 
Variable KS D-Statistics 
(P-value) 
GDPCAP 0.1981 (0.000) CONCENT 0.0472 (0.239) 
GDPDEF 0.3333 (0.000) AVWAGE 0.0503 (0.179) 
GDPCH 0.4769 (0.000) MARGIN 0.0996 (0.000) 
INFL 0.2725 (0.000) DEPOS 0.0482 (0.217) 
INFLCH 0.2914 (0.000) OVCOST 0.0723 (0.014) 
UNEMPL 0.3176 (0.000) CORR 0.0671 (0.027) 
CORR 0.3512 (0.000)   
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Table 4. Luenberger index decomposition of commercial banking productivity in 
Eastern European countries 
 Intermediation  Production  Profit/Revenue 
 LI EffCH TECH  LI EffCH TECH  LI EffCH TECH 
Accessed countries 
         
CZ 
-1.022 0.010 -1.032  -0.763 0.044 -0.807  -1.263 0.015 -1.278 
ES 0.009 0.027 -0.018  0.099 0.070 0.029  0.008 0.017 -0.009 
HU 0.648 0.012 0.637  0.596 0.067 0.529  0.811 0.010 0.801 
LV 
-0.003 0.021 -0.023  0.083 0.038 0.044  0.041 0.010 0.030 
LT 
-0.004 0.030 -0.034  0.086 0.046 0.040  0.003 0.007 -0.004 
PL 
-0.039 0.007 -0.046  0.056 0.067 -0.011  0.030 -0.003 0.033 
SL 0.107 0.023 0.083  0.221 0.168 0.053  0.119 0.021 0.098 
SN 0.001 0.019 -0.017  0.085 0.052 0.033  -0.003 0.008 -0.011 
Average -0.058 0.017 -0.074  0.043 0.068 -0.025  -0.045 0.009 -0.053 
Negotiating countries  
         
CT 
-0.002 0.025 -0.027  0.082 0.043 0.039  -0.004 0.005 -0.009 
RM 
-0.285 0.020 -0.306  -0.145 0.057 -0.203  -0.302 0.009 -0.312 
Average -0.089 0.024 -0.113  0.012 0.047 -0.035  -0.096 0.006 -0.102 
CIS countries 
         
ML 0.001 0.037 -0.036  0.084 0.028 0.056  -0.001 0.004 -0.004 
RF 0.035 0.025 0.010  0.105 0.066 0.039  0.044 0.012 0.032 
UN 
-0.006 0.017 -0.024  0.080 0.048 0.033  -0.008 -0.003 -0.005 
Average 0.024 0.025 -0.001  0.098 0.059 0.039  0.029 0.008 0.021 
Total 
sample 
average 
-0.039 0.020 -0.059  0.054 0.062 -0.008  -0.031 0.008 -0.039 
Where:  LI (Luenberger productivity index) = EffCH (Efficiency Change) + TECH (Technological Change). 
 31 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 5. Technological change (TECH) decomposition of commercial banking 
productivity in Eastern European countries. 
 Intermediation  Production  Profit/Revenue 
 TECHa MTECH 
BTE 
CH  TECH
a
 
MTEC
H 
BTE 
CH  TECH
a
 
MTEC
H 
BTE 
CH 
Accessed countries 
         
CZ 
-1.032 -2.288 1.257  -0.807 -1.943 1.137  -1.278 -2.548 1.270 
ES 
-0.018 -0.018 0.000  0.029 -0.073 0.101  -0.009 -0.009 0.000 
HU 0.637 -0.064 0.701  0.529 -0.162 0.691  0.801 -0.069 0.870 
LV 
-0.023 -0.023 0.000  0.044 -0.042 0.086  0.030 -0.008 0.038 
LT 
-0.034 -0.035 0.001  0.040 -0.051 0.091  -0.004 -0.001 -0.003 
PL 
-0.046 -0.133 0.087  -0.011 -0.206 0.195  0.033 -0.041 0.074 
SL 0.083 -0.133 0.216  0.053 -0.274 0.327  0.098 -0.162 0.261 
SN 
-0.017 -0.019 0.002  0.033 -0.068 0.101  -0.011 -0.013 0.003 
Average 
-0.074 -0.303 0.228  -0.025 -0.323 0.297  -0.053 -0.305 0.252 
Negotiating countries  
         
CT 
-0.027 -0.027 0.000  0.039 -0.054 0.093  -0.009 -0.011 0.002 
RM 
-0.306 -0.626 0.320  -0.203 -0.562 0.360  -0.312 -0.844 0.533 
Average 
-0.113 -0.211 0.099  -0.035 -0.210 0.175  -0.102 -0.267 0.165 
CIS countries 
         
ML 
-0.036 -0.034 -0.002  0.056 -0.028 0.084  -0.004 -0.004 -0.001 
RF 0.010 0.051 -0.040  0.039 -0.041 0.080  0.032 0.076 -0.044 
UN 
-0.024 -0.022 -0.001  0.033 -0.064 0.097  -0.005 -0.003 -0.002 
Average 
-0.001 0.028 -0.029  0.039 -0.044 0.083  0.021 0.052 -0.032 
Total 
sample 
average 
-0.059 -0.190 0.131 
 
-0.008 -0.222 0.214 
 
-0.039 -0.193 0.154 
Where: TECH (Technological Change) = (MTECH (Magnitude of the Technological Change) + 
BTECH (bias index of technological change). 
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Table 6. Tests on consistency of efficiency scores obtained under the alternative 
methodologies 
 I vs. P I vs. PR P vs. PR 
KS 0.7673* (0.000) 
0.1195 
(0.206) 
0.7610* 
(0.000)  1998-1999 
WMW -10.972* (0.000) 
-0.746 
(0.455) 
11.140* 
(0.000) 
KS 0.8868* (0.000) 
0.0629 
(0.912) 
0.8868* 
(0.000) 1999-2000 
WMW -13.547* (0.000) 
-0.564 
(0.573) 
13.004* 
(0.000) 
KS 0.8616* (0.000) 
0.1132 
(0.260) 
0.8113* 
(0.000) 2000-2001 
WMW -13.011* (0.000) 
0.901 
(0.367) 
11.926* 
(0.000) 
KS 0.8302* (0.000) 
0.0755 
(0.756) 
0.8050* 
(0.000) 2001-2002 
WMW -12.438* (0.000) 
-0.825 
(0.409) 
11.939* 
(0.000) 
KS 0.8994* (0.000) 
0.0943 
(0.479) 
0.8742* 
(0.000) 2002-2003 
WMW -13.785* (0.000) 
0.202 
(0.840) 
13.596* 
(0.000) 
 
Notes. (I) Intermediation Approach, (PR) Profit/Revenue Approach, (P) Production Approach. (KS) 
Kolmogorov-Smirnov test (D-value, p-value in brackets), (WMW) Wilcoxon-Mann-Whitney test (W* value, p-
value in brackets). Statistical significance: * statistically significant at 5% level. 
 
 
Table 7. Probabilities of stochastic dominance of productivity indexes calculated by 
different input/output methodologies (Wilcoxon-Mann-Whitney test) 
 
 
H0 – ( ) ( )PPII EFFFLIF >  
H1 – not  H0 
H0 – ( ) ( )IIPRIPR EFFFLIF >  
H1 – not  H0 
H0 – ( ) ( )PPPRIPR EFFFLIF >  
H1 – not  H0 
1998-1999 0.144 0.476 0.139 
1999-2000 0.061* 0.482 0.078* 
2000-2001 0.078* 0.529 0.113 
2001-2002 0.097* 0.473 0.113 
2002-2003 0.053* 0.507 0.059* 
 
Note. (I) Intermediation Approach, (PR) Profit/Revenue Approach, (P) Production Approach. Statistical 
significance: * statistically significant at 10% level. 
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Figure 1.  Luenberger index decomposition changes. 
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Figure 2. Distributions of Luenberger Productivity Index across Three Alternative 
Methodologies.  
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Note. The Vertical axis refers to the (estimated) probability density function of the distribution of Luenberger 
Productivity Index and horizontal axis refers to Luenberger index.  We use the Gaussian density and obtain the 
bandwidth h using Sheather and Jones (1991) solve-the-equation plug-in-approach. 
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Figure 3. Luenberger productivity transition across different input/output definitions.  
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Note. We use the bivariate Gaussian kernels and obtain the bandwidths are calculated according to the solve-the-equation plug-in approach for bivariate Gaussian 
kernel, based on Wand and Jones (1994). 
